The latter parameter is formally a constant, yet in various instances the measured values of A * depart from expected behavior in two ways: First, A * measures consistently below molecular vibration frequencies in realistic adsorption surface potentials 2, 26 ; Second, the values for the same system and experiment conditions can vary by orders of magnitude, notably in dibutyl-sulfide on Au(111) 2, 6 . In this work we look closer at the reasons for this puzzle, using an STM tip to modify and characterize transitions rates of a single-molecule model system.
We study the Arrhenius behavior of a dibutyl sulfide molecule adsorbed on Au(111) in the temperatures range 5 -10 K. These molecules adsorb via their central sulfur atom, which becomes the pivot for molecular rotation, with the two butyl groups hopping between equivalent sites on the Au(111) surface. We deposit dibutyl sulfide molecules at about 20 K on a Au(111) substrate mounted on a cooled manipulator, and subsequently transfer the sample to our home-built, low-temperature UHV-STM/SFM system located inside a bath cryostat. The temperature remains below 50 K where molecular surface diffusion is suppressed sufficiently for many molecules to remain conveniently isolated (cf. Fig. 1A ).
For all STM imaging in this work we use a bias of 200 mV and keep the (average) tunnelling current constant at 20 pA, which amounts to a tunnelling resistance of 10 GΩ. It is generally believed that the tip does not influence the dynamics of the molecule under such tunnelling conditions 2, 5 .
STM measurements at 5.44 K reveal isolated molecules appearing as linear objects of about 120 pm height (Fig. 1B) . Their rotation by hopping can be induced with temperature ( Fig. 1D -G) or inelastic tunnelling 2 . Note that the latter mechanism would trigger molecule responses at a temperature independent rate. In this work we use a bias of 200 mV, which is well below the 375 mV threshold for the inelastic tunnelling which was shown to excite a C-H stretching mode 6 in DBS on Au(111). Consistent with it the rotation hops of DBS rarely take place at temperatures below 6 K, with a hopping rate sufficiently small for the butyl groups to remain in the same position during the recording time of an STM image, as shown in Figs. 1C and D. As the hops become more frequent with temperature increasing from 5.41 K to 13.60 K (Figs. 1D-G), the butyl groups occupy more than one position during the image scan, distorting the linear appearance of the molecules. At 13.60 K the butyl groups hop so quickly that the molecule appears to have a hexagonal shape (Fig. 1G) .
In contrast to prior work 2, 6 , high resolution data (≈ 50 pm square per pixel) are taken Fig. 1C ) coupled with 3000 point tunnel current traces (e.g. Fig. 2A ) sampled at 1.5 kHz, beyond the bandwidth of our current preamplifier Given the aforementioned measurement conditions 2 it is surprising that the transition rate should depend on tip-position. Yet the fact that it does indicates that the tip influences the system, although the effect becomes evident only when looking at the transition rates, and may have been overlooked until now. Consistent with this it is reasonable to attribute the symmetry of the rate patterns at least in part to the (unknown) arrangement of the atoms of the tip apex, which will generally not have the symmetry of the substrate at the adsorption point.
The consequence of these considerations is that, a priori, we must treat the tip as an integral part of the system, inasmuch as it can modify the thermodynamic potentials. Possibly, however, these tip-induced modifications could be used to extract information of the system dynamics. To assess the extent of the tip-influence and establish the implications 
where k B is Boltzmann's constant, E * (x, y) is an apparent energy barrier height, and A * (x, y)
is an apparent attempt rate. E * (x, y) and A * (x, y) describe the lines fitting the data in Several observations are noteworthy. First, the effective energy barrier height E * (x, y)
spans an unexpectedly large range from a few meV to about 20 meV (Fig. 3F) . Second, as we found with the rate, also the energy barrier depends on tip-position, showing that the overall energy landscape probed by the adsorbed molecule is strongly influenced by the presence of the tip. And third, the attempt rate A * (x, y) varies over 10 orders of magnitude over the scanned relative positions, but its map (Fig. 3D ) exhibits a close resemblance to that of E * (x, y) (Fig. 3C) , suggesting a fundamental underlying connection between the two.
Taking all pairs of ln(A * (x, y)) and E * (x, y) and plotting them in Fig. 3H reveals a clustering of the data on a straight line. Note that even this subset spans an attempt-rate range of more than five orders of magnitude. Hexagons indicate the location on the plot of data from literature for rotation of dibutyl sulfide on Au(111), and the striped markers correspond to the lines presented in Figure 3B .
Taking A * in Hz we can fit the data in Fig. 3F with the line
where the parameters are the energy E M N = 0.78±0.02 meV and ln A 00 = 2.5 ± 0.3. The variability of A * (x, y) over orders of magnitude becomes explicitly apparent by writing equation (1) in terms the canonical multidimensional transition state theory result 7 ,
in which the tip-position dependent transition state (metastable state) partition function y) ) and enthalpy ∆H ‡ (x, y) are included. Equation (3) can be shown to be equivalent to a theory of the escape rate of a particle trapped in a one-dimensional potential and coupled bilinearly to a bath of an infinite set of harmonic oscillators 7 . More specifically we can define an entropy difference between the metastable and transitions as y) ), of which the apparent attempt rate A * (x, y) depends exponentially:
Thus, using the logarithmic form of the Eyring equation, which accounts for the weak temperature dependence of A(x, y, T ), we can obtain the enthalpy and entropy maps of Marbach et al. 5 suggested that entropy can be important in such a process, but also pointed out that its contribution should become negligible at low temperatures. The latter statement does not contradict our finding, but calls for a more careful assessment of the sources of entropy. Experimental evidence suggests that configurational entropy, increasing with the number of degrees of freedom, could be behind the close proximity of the temperatures at which dialkyl-sufides with different chain lengths rotate 24 . Accordingly, if the STM tip constrained the possible locations of the butyl chains of the DBS molecule (analogously to the lateral confinement of metal-organic meshes in the work of Palma et al. 28 ), then a concurrent change in entropy would follow. However, it would not be a priori follow that the entropy change compensate the enthalpy (Fig. 3F and maps 4B,A).
That this compensation nevertheless takes place in many instances was discussed by
Yelon et al. 29 , who placed its origin in multi-excitation entropy. Their model applies to cases where energy barrier is much larger than the typical thermal fluctuation energies available, a condition which is given for our experiment. In essence, a transition necessitates a potentially large number of small-energy excitations (of order k B T ≈ 0.5 meV) to co-occur, so that the barrier is overcome. Yelon et al. then argue that a large number of excitations may be collected in a large number of ways and that this multiplicity gives rise to entropy 8 .
From this perspective, any change in the barrier height induced by the tip would be followed by a compensation of the multi-excitation entropy. It would be observed when other contributions to entropy do not dominate, and thus especially at low temperatures.
Lastly, comparing the conservative forces acting on the molecule with the emergent entropic forces shows the latter must be included in correct descriptions of the transition dynamics, even at low temperatures. To see that, we can take the apparent barrier height ∆H ‡ and the potential T iso ∆S ‡ , and divide them by an effective distance r M ×π/3 0. At T = T iso the sum of the force maps in Fig. 4E -F is approximately independent of tip position (Fig. 4G) , which illustrates the compensation of enthalpy and entropy.
Our work shows that entropic contributions to the dynamics of atoms and molecules dur- k(x, y, T ) highlight the influence of both temperature and relative molecule-tip position (x, y). Note that in these and all subsequent spatial maps, the color white indicates regions where no hopping was discerned using this technique. The black/white striped ring and diamond markers identify two specific positions r 1 and r 2 for further analysis in Fig. 3 . The dashed black line is parallel to the nearby herring bone reconstruction line, while the dashed magenta lines are the perpendicular and three-fold rotations.
The black contour outlines the region utilized for further analysis, containing non-zero rates for at least 3 temperatures. The hexagonal shape of this contour is reminiscent of the typical hexagonal shaped appearance of STM topography map of the molecule typically occurring at higher temperatures (Fig.   1G ).
